The somatostatin receptor subtype sst2 mediates both activation of a tyrosine phosphatase activity and inhibition of cell proliferation induced by somatostatin analogues. 
Introduction
Somatostatin, is a widely distributed neuropeptide that has been localized to numerous mammalian tissues and shown to inhibit diverse cellular processes including secretion and proliferation (1) (2) (3) . The biological effect of somatostatin is mediated by G-protein coupled receptors that mediate a variety of signal transduction pathways including adenylate cyclase, ionic conductance channels and protein dephosphorylation (3) (4) (5) (6) (7) .
Somatostatin or its analogues affect the growth of various normal and tumor cells. This effect may involve indirect mechanisms including inhibition of synthesis and secretion of growth factors and hormones (8, 9) . However, much evidence exists for a direct antiproliferative effect of somatostatin or its analogues, which is exerted through specific somatostatin receptors on normal and neoplastic cells including pituitary, pancreatic, breast, colon and prostate tumors cells (9) (10) (11) . In pancreatic tumor cells, we and others, have demonstrated that analogues of somatostatin antagonize the mitogenic effect of growth factors acting on tyrosine kinase receptors such as epidermal growth factor and fibroblast growth factor (12, 13) . Furthermore, these analogues cause the stimulation of a membrane tyrosine phosphatase that may be involved in the intracellular mechanism of somatostatin-induced growth inhibition (7, 12, 14) .
Five somatostatin receptor subtypes termed sst1-5 have been recently cloned (15) (16) (17) (18) . They have a tissue-specific distribution and can functionally couple to diverse signal transduction pathways (19) . We recently expressed the cloned somatostatin receptors in different cell types and demonstrated that subtype sst2 mediates the inhibition of cell growth induced by somatostatin analogues and this effect involved the activation of a tyrosine phosphatase (20, 21) . We identified the somatostatin-sensitive tyrosine phosphatase as the 66-kD tyrosine phosphatase containing Src homology 2 (SH2) domains, PTP1C (also called SHPTP1, HCP) (22) (23) (24) (25) . The role of sst2 in the negative control of cell proliferation is strengthened by the presence of this receptor subtype in various human and rat tumor cell lines such as pancreatic, breast and small cell lung cancer cell lines that respond in vitro to the growth-inhibitory effect of somatostatin analogues (26, 27) .
Besides its well known neurohormonal regulatory role, there is emerging evidence for the hypothesis that somatostatin may act as an autocrine/paracrine regulatory factor. Indeed, a variety of normal cells, including endocrine and lymphoid cells, that synthesize endogenous somatostatin are known to express somatostatin receptors (28) (29) (30) . Furthermore, immunoreactive somatostatin has been found in various types of somatostatin receptor-positive tumor cell lines such as breast cancer cells and colonic tumor cells (31, 32) and somatostatin mRNA was detected in a wide variety of neuroendocrine tumors known to express somatostatin receptors (33, 34) . It is, however, not yet documented whether somatostatin can play a negative autocrine role in such cells.
In the present study, we demonstrated that the expression of sst2 in mouse fibroblast NIH 3T3 cells causes the constitutive activation of the receptor that leads to an inhibition of cell growth which is independent of added ligand. The activation of sst2 resulted from sst2-induced expression of both sst2-ligand and -signal transduction system resulting in the creation of a negative autocrine somatostatin-receptor loop. Finally, we report that the negative autocrine loop can also be created by expression of sst2 in another cell type devoid of endogenous sst2, the human pancreatic tumor BXPC3 cells. Cell culture and transfections. The human sst1 and human sst2 were stably expressed in mouse fibroblasts NIH 3T3 cells using the recombinant dicistronic mammalian expression vector containing the simian virus 40 replication origin, the cytomegalovirus promoter, the encephalomyocarditis virus leader, and the geneticin-resistance gene as previously described (20) . Cells were transfected using calcium-phosphate precipitation and geneticin-resistant clones were selected and examined for their ability to bind (20) . Four clones expressing sst2 and one clone expressing sst1 were selected and cultured in DME supplemented with 10% FCS and 0.4 mg/ml geneticin.
Methods

Reagents
Human pancreatic tumor cells BXPC3 were transfected with the sst2 expression vector using lipofectin reagent. Geneticin-resistant clones were selected by binding studies using [ Binding studies. Cells were cultured in 35-mm diameter dishes in DME supplemented with 10% FCS for 48 h as described (20) . After washing twice with Krebs/Hepes buffer, binding was performed at 25 Њ C for 120 min in a final volume of 1.5 ml of Krebs/Hepes buffer (pH 7.4) containing bovine serum albumin at 15 mg/ml, soybean trypsin inhibitor at 0.3 mg/ml, bacitracin at 0.5 mg/ml, and 30 pM of ]SMS (for sst1 and sst2 expressing cells, respectively). Nonspecific binding was determined in the presence of 1 M somatostatin or SMS 201-995. The cells were then washed and lysed in 0.1 N NaOH and specific binding was quantified.
Cell growth assay. Cells were plated in 35-mm diameter dishes (12 ϫ 10 4 cells per dish) in DME supplemented with 10% FCS. After an overnight attachment phase, the medium was changed and cells were grown in DME supplemented with 10% FCS or without serum in absence or presence of 0.1 nM FGF2. Growth was measured after indicated times by cell counting using a Coulter model ZM counter (Coulter Electronics), after treatment of cells with 0.05% trypsin and 0.02% EDTA as described (20) .
For oligonucleotide treatment, NIH 3T3 cells were grown in 24-well plates (6 ϫ 10 4 cells per well) in DME supplemented with 10% FCS and allowed to attach overnight. 5 M PTP1C antisense (5 Ј -GTA-AAAACTCCTAGAGAT-3 Ј and 5 Ј -CACCATCCTGGGGTT-3 Ј ), or sense (5 Ј -ATCTCTAGAGTTTTTAC-3 Ј and 5 Ј -AACCCCAGG-ATGGTG-3 Ј ) phosphorothioate oligonucleotides were added twice daily for 4 d. Then cell number was measured.
Tyrosine phosphatase assay. The substrate poly(Glu, Tyr) was phosphorylated with [ ␥ 33 P]ATP as described (20) . Cells were washed and quickly lysed in liquid nitrogen in a 50 mM Tris buffer, pH 7.4, containing 0.3 mg/ml soybean trypsin inhibitor and 0.1 mM phenylmethylsulfonyl fluoride. After tawing, the homogenate (1 g protein/ assay) was assayed for tyrosine phosphatase activity as described (20) in a 100 l reaction mixture containing 50 mM Tris (pH 7), bovine serum albumin at 1 mg/ml, 30,000 cpm of 33 P-poly(Glu, Tyr) and 5 mM dithiothreitol. Tyrosine phosphatase activity was expressed in pmol of phosphate released per min at 30 Њ C from radiolabeled substrate.
Reverse transcription-polymerase chain reaction (RT-PCR). Total RNA was extracted by a procedure derived from that of Chomczynski and Sacchi (35) . Cells were lyzed in RNAzol B for 10 min at 4 Њ C and RNA was extracted as described (36) . For reverse transcription, total RNA was first denatured at 94 Њ C for 10 min and immediately chilled on ice. First-strand cDNA synthesis was then carried out with total RNA in 50 mM Tris-HCl buffer (pH 8.3) containing 200 U of Moloney murine leukemia virus reverse transcriptase, 26.5 M oligod(T), 1 mM dNTP, 20 U RNAsin, 10 mM dithiothreitol, 75 mM KCl, 3 mM MgCl 2 in a final volume of 20 l. The sample was incubated for 10 min at 23 Њ C followed by 2 h at 39 Њ C. The RT mixture was then chilled on ice and diluted two-fold with sterile water. PCRs were carried out as described (36) with 1.25 U of Taq polymerase, 1 M specific sense and antisense primers, 250 M of dNTPs, in 10 mM Tris-HCl buffer (pH 9) containing 50 mM KCl, 1.5 mM MgCl 2 , 0.01% Triton X-100 in a final volume of 50 l. After denaturation of the sample at 94 Њ C for 10 min, PCR was carried out on a DNA Thermal Cycler (Techné Laboratories, Princeton) for varying sequential (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) cycles with denaturation at 94 Њ C for 1 min, annealling at 51-62 Њ C for 1 min, and extension at 72 Њ C for 1.5 min. The amplification was terminated by a final extension step at 72 Њ C for 10 min. The following pairs of mouse specific primers for PTP1C: sense 5 Ј GTCTCCACC-AAGGGG3 Ј and antisense primer 5 Ј CTTTGTTCTTCTCCTTGTC3 Ј (24); mouse preprosomatostatin: sense 5 Ј TCTGCATCGTCCTGG-CTTTGGG3 Ј and antisense primer 5 Ј AGGGTCAAGTTGAGCATC-GGG3 Ј (37) and ␤ -actin: sense 5 Ј TCACGCCATCCTGCGTCT-GGACT3 Ј and antisense primer 5 Ј CCGGACTCATCGTACTCCT3 Ј (38) produced DNA fragments of 352 base pairs (bp), 408 and 582 bp for PTP1C, somatostatin and ␤ -actin cDNA respectively. PCR samples were analyzed on a 7.5% polyacrylamide gel. Gels were stained with ethidium bromide and quantification was determined by image analysis (Biocom apparatus) as described (36) . To standardize the results and to correct any variation in RNA content and cDNA synthesis in different preparations, the intensity of each PCR product was evaluated by comparison with that of the corresponding marker used as a standard and normalized on the basis of its ␤ actin content. To confirm that PCR products resulted from cDNA templates rather than from genomic DNA, reactions were also carried out in the absence of reverse transcriptase during the RT procedure.
Somatostatin radioimmunoassay. Cells were cultured for 48 h in DME supplemented with 10% FCS (10 6 cells/dish). Pooled culture media (30 ml/assay) were collected and acidified with trifluoroacetic acid and concentrated using SepPak C 18 cartridges (Waters, Les Ulis, France). The adsorbed peptides were eluted with 80% acetonitril, 0.1% trifluoroacetic acid. The eluates were evaporated under vacuum. The dried samples were analyzed for immunoreactivity. Cells were washed twice, extracted in H 2 O and boiled for 15 min. Somatostatin-like immunoreactivity was measured in media and cell extracts by radioimmunoassay with rabbit antibody (kindly provided by Dr. Chayvialle, INSERM U 45 Lyon) directed against the central sequence of somatostatin 14 and used at 1:80,000 dilution, the radioligand [I   125   Tyr 11 somatostatin] and the standard somatostatin 14 as described (39). This assay detects somatostatin 14 and molecular forms extended at the amino terminus of somatostatin 14, including somatostatin 28 and prosomatostatin. The minimal detectable dose was 1 fmol (1.6 pg)/tube.
Gel filtration chromatography. Pooled cell culture media (2,000 ml) from NIH3T3 cells expressing sst2 cultured in DME supplemented with 10% FCS for 48 h were acidified and concentrated using SepPak C 18 cartridges. The adsorbed peptides were eluted with 80% acetonitrile, 0.1% trifluoroacetic acid. The eluate was evaporated and the dried sample was extracted with 10% acetic acid and soluble material was applied to a Sephadex G-50 column (1.5 ϫ 90 cm) equilibrated in 10% acetic acid. Fractions (2.6 ml) were collected at a flow rate of 15.6 ml/h, lyophilized and somatostatin-like peptides were evaluated using radioimmunoassay. A same volume of fresh DME containing 10% FCS was subjected to the same protocol for analysis of immunoreactive somatostatin peptides present in added FCS. The column was calibrated with 1 ng somatostatin 14 and 1 ng somatostatin 28 applied to the column and measured by radioimmunoassay of the column effluent.
Immunoblotting and immunoprecipitation. To generate polyclonal anti-PTP1C antibodies, a peptide corresponding to a carboxyl region (EKVKKQRSADKEKSKGS) of mouse PTP1C was synthesized and conjugated to keyhole limpet hemocyanin (Neosystem, Strasbourg, France) and injected into male rabbits. The anti-PTP1C antibodies were then affinity purified by protein A-Sepharose chromatography. For immunoblotting experiments, cells were lysed in 1 ml of ice-cold lysis buffer containing 50 mM Tris-HCl, (pH 7.5), 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate, 10% glycerol, 0.1 mM phenylmethylsulfonyl fluoride, 0.03% soybean trypsin inhibitor. Samples of solubilized cells or particulate and cytosolic fractions were subjected to electrophoresis as described by Laemmli (40) on a 7.5% polyacrylamide gel and the proteins were electrotransferred to Immobilon membrane (Millipore, Les Ulis, France) as previously described (36) . The membranes were saturated with 5% dried milk in phosphate buffer saline Tween 20 (PBST), pH 7.6 and then incubated for 3 h at room temperature with anti-PTP1C antibodies at a 1:1,000 dilution. After washing three times with PBST, the detection of bound antisera was performed with horseradish peroxidase-labeled anti-antibody. Immunoblots were developed using the Amersham ECL detection system. The intensity of the bands was determined by image analysis using a Biocom apparatus. For immunoprecipitation, cell lysates (200-400 g) were incubated with 50 l antibody prebound to Sepharose-protein A beads for 4 h at 4 Њ C. The immunoprecipitates were then washed as described (36) once in buffer containing 50 mM Tris-HCl (pH 7.6), 150 mM NaCl, 0.03% soybean trypsin inhibitor and 0.1% NP-40, twice in 50 mM Hepes buffer containing 150 mM NaCl, 0.03% soybean trypsin inhibitor and 0.1% NP-40, twice in 40 mM MES buffer containing 1 mM dithiothreitol, 0.03% soybean trypsin inhibitor (pH 5.0) and once in 50 mM Tris-HCl buffer (pH 7.0) containing 5 mM dithiothreitol, 5 mg/ml bacitracin, 0.03% soybean trypsin inhibitor and 0.2% bovine serum albumin. The immune complex was then used for subsequent assays of tyrosine phosphatase activity.
Statistical analysis. Statistical comparison between control cells and cells expressing sst2 or between treated and non treated cells were performed using Student's paired t -test.
Results
Stable expression of sst2 induced an inhibition of NIH 3T3 cell growth. Somatostatin receptor sst2 was initially stably expressed in NIH 3T3 cells (20) . Several geneticin-resistant clones were obtained and sst2 receptors were characterized by binding studies using [ ]SMS as tracer (20) . Among them, the clones 2/5 and 2/1 expressed sst2 with an equilibrium dissociation constant ( K d ) of 0.38 Ϯ 0.04 and 0.3 Ϯ 0.01 nM and a binding capacity of 2.7 Ϯ 0.9 and 3.3 Ϯ 1 fmol/10 6 cells respectively (mean Ϯ SD; n ϭ 2), as determined by Scatchard analysis. We have previously demonstrated, in the NIH 3T3 expressing sst2 clones, that somatostatin analogues, RC-160 and SMS, inhibited serum-and basic fibroblast growth factor-induced cell proliferation and stimulated a tyrosine phosphatase activity but had no effect on NIH 3T3-control clone (20) . Introduction of exogenous sst2 gene had an unexpected effect on the growth of sst2-transfected cells which was dramatically reduced compared with that of plasmid-transfected control cells. Kinetic studies of cell growth of the two NIH 3T3 clonal cell lines expressing sst2, 2/5 and 2/1, revealed that the decrease of proliferation was significant after 24 h of culture in serum-containing medium and remained during all the time of the experiment (Fig. 1) . After 5 d of culture, the proliferation of the two clones expressing sst2, 2/5 and 2/1, was reduced by 37 Ϯ 5 and 38 Ϯ 6% (mean Ϯ SEM, n ϭ 4, P Ͻ 0.01) respectively. Two other different clones expressing sst2 were tested and gave the same results (not shown). In contrast, expression of sst1 in NIH 3T3 cells did not modify cell growth (not shown). To eliminate the possibility that the observed effect was dependent on the presence of the serum in the culture medium, NIH3T3 cells were cultured in serum free medium for 48 h. In these conditions, growth of cells expressing sst2 was decreased by 31 Ϯ 1% ( n ϭ 3, P Ͻ 0.01) compared to that of control cells. In addition, when NIH3T3 were cultured in serum free medium in the presence of the NIH3T3 cell mitogenic factor FGF2 (20) at 0.1 nM for 48 h, the proliferation of cells expressing sst2 was reduced by 36 Ϯ 5% ( n ϭ 3, P Ͻ 0.05) compared with that of control cells. These results indicate that the reduction of cell growth in clonal cells expressing sst2 was independent of the presence of serum in the culture medium and lead to the speculation of a constitutive activation of sst2.
Expression of sst2 in NIH 3T3 cells caused activation of sst2 by a somatostatin-dependent autocrine pathway. To answer the question of whether the sst2 expressed in NIH 3T3 cells was constitutively active, we analyzed the first step in the sst2 signaling pathway, i.e., the stimulation of the receptor by way of the production of endogenous ligand. To determine whether NIH 3T3 expressing sst2 might synthesize and secrete somatostatin, we first examined the endogenous production of somatostatin-like immunoreactivity in lysates from cells expressing, or not, sst2. Somatostatin-like immunoreactivity was undetectable in lysates from cells transfected, or not, with sst2 or sst1 expression vector. In contrast, in media obtained from cells expressing sst2, the level of somatostatin-like immunoreactivity was 0.23 Ϯ 0.05 fmol/ml per 48 h of culture (mean Ϯ SEM, n ϭ 3). Somatostatin-like immunoreactivity was not detectable in media from control cells or cells expressing sst1. These results indicate that cells expressing sst2 secreted somatostatin-like immunoreactivity at concentrations in the picomolar range and sufficient to activate sst2 and to induce stimulation of tyrosine phosphatase activity and inhibition of cell growth as previously reported (20) .
To determine which somatostatin forms were present in cell culture medium, cells expressing sst2 were cultured for 48 h in DME containing 10% FCS and pooled cell media were treated, as described in Methods, for analysis of somatostatinlike immunoreactivity. The analysis of fresh DME with 10% FCS was also performed to evaluate somatostatin-like immunoreactivity present in the added FCS. As illustrated in Fig. 2 , when DME containing 10% FCS was loaded on the Sephadex G 50 column, a peak of somatostatin-like immunoreactivity with an elution volume of 153 ml accounted for 66% of total immunoreactivity and coeluted with somatostatin 14. When cell media from sst2-transfected NIH3T3 cells was loaded on the column, the total immunoreactivity was fourfold higher than that observed in DME containing 10% FCS and a major peak coeluting with somatostatin 14 was identified. However, this peak that accounted for 61% of total somatostatin-like immu- Figure 2 . Somatostatin-like immunoreactivity profile after Sephadex G-50 filtration of media from NIH3T3 cells expressing sst2 () and fresh DME with 10% FCS (ᮀ). Cells expressing sst2 were cultured for 48 h in DME with 10% FCS and cell media (2,000 ml) were collected and treated as described in Methods. After extraction with acetic acid, the supernatant was applied to a Sephadex G-50 column equilibrated and eluated with 10% acetic acid. Each fraction (2.6 ml collected every 10 min) was lyophilized and its immunoreactivity assayed by RIA. A similar analysis was also performed on a same volume of fresh DME containing 10% FCS. Arrows indicate the exclusion volume (V 0 ) and the elution position of cytochrome C (12.4 K), aprotinin (6.5 K), somatostatin 28 (S28), somatostatin 14 (S14), neuromedin B (1.1 K). noreactivity occurred in 3-4-fold higher quantities in sst2-NIH3T3 cell media (0.35 pmol/liter) than in DME with 10% FCS (0.1 pmol/liter). A minor peak (9% of total immunoreactivity) with an elution volume of 57 ml representing high apparent molecular mass immunoreactive materials was also detected in sst2-NIH3T3 cell media and could correspond to somatostatin proforms.
To further support the sst2-induced production of somatostatin in NIH 3T3 cells, we next examined the expression of preprosomatostatin mRNA by reverse transcriptase polymerase chain reaction (RT-PCR) analysis. As observed in Fig.  3 , preprosomatostatin mRNA transcripts were barely or not detected in the control cell line whatever the cell culture conditions. In contrast, the level of preprosomatostatin transcripts was clearly up-regulated in cell expressing sst2 after 48 h of culture either in serum free medium, in absence or presence of FGF2 or in medium with 10% FCS.
Further evidence that the secreted immunoreactive somatostatin accounted for the inhibition of cell growth, we evaluated the effect of addition of antiserum to somatostatin in the cell culture medium. We observed that the exposure of cells for 96 h to anti-somatostatin antiserum did not modify the growth of control cells but increased the growth of clonal cell lines expressing sst2 (clone 2/5: ϩ 34Ϯ3.5%, n ϭ 4; clone 2/1: ϩ 26Ϯ 2.3%, n ϭ 3. P Ͻ 0.01) (Fig. 4) . These results indicate that somatostatin antiserum neutralized the effect of secreted somatostatin and reversed the inhibitory effect of sst2 expression on cell growth.
We can conclude from these results that stable expression of sst2 in NIH 3T3 cells led to the expression of somatostatin 14 peptide. The produced sst2 ligand activated sst2 and promoted the creation of an autocrine inhibitory loop.
sst2 expression up-regulated the expression of tyrosine phosphatase PTP1C. We examined whether the sst2-induced negative autocrine growth system affected the activation of the signal transduction pathway coupled to sst2, the tyrosine phosphatase PTP1C. Basal tyrosine phosphatase activity was assayed using tyrosine-phosphorylated poly [Glu,Tyr] as substrate (7). In cells cultured in DME with FCS, basal tyrosine phosphatase activity was increased by 29Ϯ3.7% (meanϮSEM, n ϭ 3, P Ͻ 0.05) in NIH 3T3 cells expressing sst2,compared with that of NIH 3T3 control cells. Expression of sst1 in NIH 3T3 cells had no effect on basal tyrosine phosphatase activity (not shown).
We then tested the effect of expression of sst2 on the tyrosine phosphatase activity of PTP1C. When cells were cultured for 48 h in DME with FCS, immunoprecipitation of PTP1C using anti-PTP1C antibodies (36) revealed that in control cells, PTP1C activity was low after 48 h of culture in DME with FCS (0.25Ϯ0.11 pmol/mg protein per minute). In cells expressing sst2, PTP1C activity was increased by 3-4-fold as compared to that of control cells indicating that expression of sst2 constitutively increases PTP1C activity (Fig. 5 A) . As previously observed for tyrosine phosphatase activity in pancreatic cells (7) , in control and sst2-transfected cells, PTP1C activity decreased when NIH3T3 cells reached confluency, after 4-5 d of culture. In these conditions, PTP1C activity was increased by ‫ف‬ 27% (P Ͻ 0.05) in cells expressing sst2 (0.19Ϯ0.008 pmol/ mg protein/min), as compared to that of control cells (0.15Ϯ0.006 pmol/mg protein/min, n ϭ 3). We next examined the effect of expression of sst2 on the PTP1C protein level by protein immunoblotting analysis with antiserum to PTP1C. After 48 h of culture in DME with FCS, both clonal cell lines expressing sst2 contained PTP1C protein as shown by the presence of the 66 kDa-PTP1C band in the two clones. In contrast, a barely detectable PTP1C band was observed in control cells (Fig. 5 B) . Other bands which were detected by anti-PTP1C antibodies and preimmune serum, were suppressed in the presence of an excess of peptide and may represent non specific immunoreactive bands. Thus, the observed increase of PTP1C activity in sst2-expressing cells may result from the increased protein level of PTP1C. We then investigated the level of PTP1C gene expression by RT-PCR. The level of PTP1C transcripts increased markedly in both clonal cell lines expressing sst2 compared with the low level of PTP1C mRNA in the control cells (Fig. 5 C) . The increase of PTP1C transcripts in NIH3T3 cells expressing sst2 was also observed when cells were cultured for 48 h in serum free medium in the absence or presence of FGF2 (not shown). All these findings demonstrate that the expression of sst2 in NIH 3T3 cells caused a constitutive activation of PTP1C as a consequence of its increased expression.
To further support the role of the autocrine activation of sst2 in the up-regulation of PTP1C mRNA level, we examined the effect of somatostatin antibodies on the level of PTP1C mRNA. A 96 h treatment of cells in DME supplemented with 10% FCS in the presence of anti-somatostatin antibodies markedly reduced PTP1C mRNA expression in the clonal cell lines expressing sst2 (Fig. 6) . In contrast, somatostatin antiserum did not modify the level of PTP1C mRNA in NIH 3T3 control cells. However, the down regulation of PTP1C mRNA in cells expressing sst2 did not affect PTP1C activity which was not modify when cells were grown in the presence of somatostatin antiserum. The short time period of treatment with antiserum could account for the absence of effect on PTP1C activity.
To strengthen the role of PTP1C in the sst2-induced autocrine negative loop we first tested whether the blockage of tyrosine phosphatase activity can prevent the sst2-induced growth inhibition. When orthovanadate, a known inhibitor of PTP activity (7), was added for 5 d in the cell culture medium, the proliferation of NIH 3T3 control cells was not significantly modified whereas in the clonal cell lines expressing sst2, the inhibitory effect of sst2 expression on cell proliferation was blocked (Fig. 7) . Furthermore, PTP1C activity in cells expressing sst2 (0.20Ϯ0.01 pmol/mg protein/min) was reduced by 67Ϯ 6.5% (n ϭ 2) when cells were grown in the presence of vanadate whereas vanadate treatment did not significantly affect PTP1C activity of control cells. This suggested a role for tyrosine phosphatase activation in the sst2-induced negative Figure 5 . Effect of expression of sst2 on tyrosine phosphatase activity (A), protein (B), and steady-state mRNA levels (C) of PTP1C in NIH 3T3 cells. NIH 3T3 clonal cell lines containing the vector alone (control) or expressing sst2 (2/1, 2/5) were grown in DME with 10% FCS (6 ϫ 10 5 cells per 100-mm plate) for 48 h. (A) PTP1C was immunoprecipitated from cell lysates containing equal amount of proteins with rabbit polyclonal antiserum to the COOH terminal amino acids of PTP1C. Immunoprecipitates (100 l) were assayed for tyrosine phosphatase activity in the presence of 30,000 dpm 2 and 3, respectively) and NIH 3T3 control cells (lane 1) were lysed and proteins were resolved by SDS-PAGE on a 7.5% acrylamide gel, transferred to Immobilon membrane and blotted with antiserum to PTP1C (1:1000 dilution) in the presence (lanes 4-6) or not (lanes 1-3) of an excess of peptide used to raise antibodies. The detection of bands was perfomed using chemiluminescent reaction. growth effect. Then, the decrease of PTP1C protein level was induced by addition to the cell culture medium, of phosphorothioate antisense oligonucleotides directed against two selected sites of PTP1C mRNA, the start codon and 80 to 95 nucleotides from the start codon. NIH 3T3 expressing or not sst2 were incubated with 5 M anti-sense or sense oligonucleotides, added twice daily for 96 h. Immunoblotting analysis revealed a 50% decrease of PTP1C protein level after treatment of cells expressing sst2 with antisense oligonucleotides compared with the protein level after treatment with sense oligonucleotides (not shown). In cells expressing sst2, antisense treatment reduced the sst2-mediated inhibition of cell growth by ‫ف‬ 50% but had no significant effect on NIH 3T3 control cell growth (Fig. 8) . These results indicate that the inhibitory effect of sst2 on cell growth is mediated, at least in part, by increased expression of PTP1C.
Effect of transfection of sst2 expression vector on pancreatic tumor cell BXPC3. To assess whether the sst2-induced negative autocrine loop could be observed on other cell types than NIH 3T3, human pancreatic tumor BXPC3 cells that do not express endogenous sst2 (20) were transfected with the sst2 expression vector. As observed in Fig. 9 , expression of sst2 affected the proliferation of BXPC3 cells which was decreased by ‫ف‬ 35% compared with that of control cells. Furthermore, we observed that BxPC3 control cells produced somatostatinlike immunoreactivity and that expression of sst2 induced an increase of somatostatin-like immunoreactivity secreted in the culture medium. Theses results demonstrated that in BXPC3 cells like in NIH 3T3 cells, sst2-induced negative growth regulation is associated with an increase production of somatostatin-like peptide.
Discussion
Somatostatin functions as a growth inhibitory agent in a wide range of normal and neoplastic tissues (2, 3, 8, 9) . Several mechanisms of actions have been postulated for the growth inhibitory effect of somatostatin and its analogues. Indirect ef- fects may involved suppression of secretion of mitogenic growth factors and hormones, inhibition of angiogenesis and modulation of the immune system (8, 9) . A direct inhibitory effect of somatostatin and analogues mediated through specific somatostatin receptors has been demonstrated on several somatostatin receptor-positive tumor cell lines of various origin (8) (9) (10) (11) (12) (13) 31) . Among the five cloned somatostatin receptor subtypes, we have recently shown that the somatostatin receptor sst2 mediated the antiproliferative effect of somatostatin analogues through the stimulation of a tyrosine phosphatase activity (20, 21) , identified as PTP1C (25, 41) .
In the present study, we have clearly established the intrinsic role of the somatostatin receptor sst2 as a negative growth regulator. We have shown that expression of sst2 in NIH 3T3 cells causes a constitutive activation of the receptor which resulted from the induction of sst2 ligand and led to the generation of a negative autocrine growth-regulatory loop. Such a mechanism is supported by different observations. First, the inhibition of cell proliferation that occurred after stable expression of sst2 in NIH 3T3 cells, independently of the presence of serum in culture medium, was associated with an increase in the steady-state level of preprosomatostatin mRNA as well as the production of endogenous somatostatin-like peptide. Second, characterization of immunoreactive forms provides evidence of the presence of somatostatin 14 form in media from cells expressing sst2 and neutralizing secreted somatostatin 14 by somatostatin antibodies counteracted the sst2-induced inhibition of cell proliferation, indicating that suppression of the interaction between secreted ligand and sst2 receptors interrupted the sst2-induced autocrine loop. We also demonstrated that stable expression of sst2 caused the amplification of the sst2 signal transducer, the tyrosine phosphatase PTP1C. Expression of sst2 induced a constitutive activation of PTP1C which resulted from an increase expression of PTP1C mRNA and protein levels and might be responsible, at least in part, for the propagation of the sst2-mediated antiproliferative effect of produced somatostatin-like peptide.
We have established that cells expressing sst2 were capable of producing somatostatin 14 in cell media at concentration (0.2-0.3 pM) high enough to trigger a slight inhibitory growth response (7, (20) (21) . However, due to the well known short half-life of the peptide in body fluids as in cell culture medium (2), the detected somatostatin 14 concentration may reflect only a fraction of the really secreted peptide. Also, the secreted ligand could act at a very short distance and bind neighboring sst2 receptors at a high local concentration. Our demonstration that sst2 expression increased the steady state preprosomatostatin mRNA levels and somatostatin secretion in cell media raises the question of the signal transduction mechanism activated by sst2 and involved in this effect. Both the expression of preprosomatostatin mRNA and somatostatin production are known to be modulated by a variety of stimuli (1) (2) (3) and somatostatin has been demonstrated to be capable of inhibiting its own secretion from somatostatin-producing cells through specific receptors (42) . Studies to elucidate the nature of stimuli involved in the sst2-mediated up-regulation of preprosomatostatin mRNA may be now undertaken. As with many peptide hormones, somatostatin is synthesized as a precursor, prosomatostatin, that undergoes post-translational processing by specific endoproteolytic enzymes belonging to the subtilisin-like serine protease family. Processing occurs principally at the COOH-terminal part of the molecule to generate the two biologically active peptides, somatostatin-14 and somatostatin-28, an NH 2 terminally extended form of somatostatin-14 (43) . Our results argue in favor of an endoproteolytic processing of prosomatostatin in NIH3T3 cells expressing sst2.
Coincident with the induction of sst2-ligand, our results clearly showed that expression of sst2 in NIH 3T3 cells increased the activity of PTP1C as a result of increased expression of PTP1C mRNA and protein. PTP1C has been proposed to be a negative regulator of growth factor-induced mitogenic signaling pathways. Of interest is that PTP1C contains two srchomology domains (SH2) (22) (23) (24) . The presence of these domains in various cytoplasmic signaling molecules suggests that this enzyme has a role in signal transduction by interacting with tyrosine-phosphorylated proteins. Indeed, PTP1C associated with activated growth factor receptors and inhibited growth factor-induced tyrosine phosphorylation and mitogenesis (24, 44) . Furthermore, overexpression of PTP1C has been reported to be associated with growth inhibition and decreased growth factor-induced mitogenesis (45) . Conversely, decreased level of PTP1C was associated with increased cell growth and growth factor-mediated cell responses (24) . A role of PTP1C in the negative regulation of cell growth is also supported by the recent demonstration that severe hematopoietic dysregulation and overexpansion of colony stimulating factor-1 growth-independent of macrophage/monocyte populations in Figure 9 . Effect of expression of sst2 on BxPC3 cell growth (A) and somatostatin-like immunoreactivity production (B). Clonal cell lines were derived from BxPC3 cells stably transfected with the dicistronic vector alone (B ϫ C) and the vector encoding human sst2 (B ϫ 2), respectively (20) . Cells (30 ϫ 10 4 per 60-mm plate) were grown in DME supplemented with 10% FCS. After an attachment phase, cells were cultured in serum-free medium overnight and then cultured in medium containing serum for 72 h. the mouse motheaten phenotype results from loss-function mutations in the PTP1C gene (46) . Our demonstration that the expression of sst2 in NIH 3T3 cells induced an increased expression of PTP1C that resulted in constitutive activation of PTP1C argues in favor of the role of PTP1C in the negative control of cell growth mediated by sst2. The fact that blocking the PTP1C signal transduction pathway either with orthovanadate which inhibits PTP1C activity or with PTP1C antisense oligonucleotides which partially decrease PTP1C protein level, interrupted the sst2-induced autocrine inhibitory loop indicates that PTP1C is one of the component involved in sst2-induced autocrine inhibitory loop.
The concept of autocrine/paracrine growth has been well documented for peptide growth factors (47) . Although the somatostatin-receptor system has been proposed to play an autocrine/paracrine role in the negative regulation of cell growth, this concept has never been proven. We have demonstrated that sst2 is the initial mediator of the inhibitory growth response and triggers the autocrine production of ligand and signal transducer which may act in concert to produce antiproliferative response. Interestingly, our results suggest that the sst2-induced autocrine loop is generated in another cell type lacking endogenous sst2, the human pancreatic tumor cell line, BXPC3 (20) . We observed that control BxPC3 cells produced somatostatin-like immunoreactivity as reported for certain tumors and tumor cell lines (31) (32) (33) . Furthermore, we demonstrated that expression of sst2 resulted in a decrease of BxPC3 cell growth associated with an enhanced production of somatostatin-like immunoreactivity. These findings lead to speculate that the autocrine somatostatin-sst2 loop can exist in certain cells that express the sst2 ligand-receptor system and underlines the possibility that this phenomenom has a role in the negative regulation of cell growth. Constitutive activation of growth factor receptors through autocrine/paracrine mechanisms occurs frequently in cancer cells and is involved in carcinogenesis (47) (48) . Inversely, the loss of sst2 autocrine activation may contribute to deregulation of cell growth and be relevant in the course of tumor development.
